Since commencement of mining in the South-West (SW) Wall in 2007, the area has represented an ongoing challenge for engineers on site, due to persistent stability problems. A brief history of the instabilities in the area, and the subsequent redesign and remediation work undertaken, are discussed in Hendersonhall et al. (2010) and Kurukuk and Sweeney (2012) . The current pit wall is a 300 m high slope, with an overall angle of 40° (Figure 1 ). It is developed within the footwall sequence and is dominated by the presence of thinly bedded shales (bedding space between 2 and 50 cm). Within the footwall sequence two main geotechnical domains have been identified: lower footwall (LFW) and upper footwall (UFW). The LFW is dominated by low strength black carbonaceous shales, a tight and fair rock mass with bedding partings, continuous joints and occasional bedding shears. In comparison, the UFW comprises black laminated shales and a more competent rock mass with distinctive laminated bedding (Hendersonhall et al. 2010 ).
Introduction
Century mine is an open pit mine owned and operated by MMG Limited. It is located near Lawn Hill in North Queensland, approximately 250 km northwest of Mount Isa, close to the Northern Territory border. The Century deposit represents one of the major sediment-hosted zinc, lead and silver deposits of the Mount Isa inlier and McArthur basin. The ultimate pit was approximately 2.5 km long by 1.5 km wide at the surface, with a final depth of 320 m. After 16 years, mining operations ceased at the end of 2015 and the pit is currently in the mine closure phase, which may span over a period of 30 years.
Since commencement of mining in the South-West (SW) Wall in 2007, the area has represented an ongoing challenge for engineers on site, due to persistent stability problems. A brief history of the instabilities in the area, and the subsequent redesign and remediation work undertaken, are discussed in Hendersonhall et al. (2010) and Kurukuk and Sweeney (2012) . The current pit wall is a 300 m high slope, with an overall angle of 40° ( Figure 1 ). It is developed within the footwall sequence and is dominated by the presence of thinly bedded shales (bedding space between 2 and 50 cm). Within the footwall sequence two main geotechnical domains have been identified: lower footwall (LFW) and upper footwall (UFW). The LFW is dominated by low strength black carbonaceous shales, a tight and fair rock mass with bedding partings, continuous joints and occasional bedding shears. In comparison, the UFW comprises black laminated shales and a more competent rock mass with distinctive laminated bedding (Hendersonhall et al. 2010 ).
Pandora's Fault, a deposit scale major structure, represents the boundary between the UFW and LFW shale domains. It is a gently to moderately north dipping, east-west striking normal fault, which displaces the orebody into two major blocks. Pandora's Fault has been interpreted as a scissor fault, with displacement varying along the strike from zero at the eastern margin of the deposit to over 300 m at the western margin (Broadbent et al. 2002) . However, in the SW corner, it displays a sharp change in orientation from a strike of east-west to northwest. The area is also characterised by the presence of a set of east-west, north dipping sub-vertical structures. One of those structures, known as Page Creek Fault, has contributed to the local rotation of bedding and joint sets, resulting in the formation of a highly sheared and fractured block (Kurukuk & Sweeney 2012) .
Figure 1 Century mine plane at March 2015 and overview of the SW Wall geotechnical domains and geological structures
Generally, the pit wall experienced periods of rapid acceleration (up to 10 mm/day) during the wet season and steady trend movements (less than 1 mm/day) during the dry season (Figures 2(a) and 2(b)). By the end of 2012, an unexpected massive block of carbonate breccia (CBX), extending over five benches was fully exposed along Pandora's Fault. Waltho and Andrews (1993) found the presence of discordant veins of breccia along pre-existing fractures/faults is not unusual at Century, with widths varying from 0.1 to 34 m, although this was the first exposure of this size that had been observed.
Major concerns at the mine started to rise during the 2012-13 wet season, with an increase of acceleration trend and the development of tension cracks up to 30 m behind the pit crest. A buttress at the toe of the slope (~28°) was recommended by Century to manage the observed progressive movement in the slope above the CBX block. In order to assess the performance of the buttress as a stabilising measure, Itasca conducted a three-dimensional (3D) numerical analysis with Itasca's FLAC 3D (Sainsbury et al. 2013 ). The possible case scenarios are shown in Figure 2c . The model highlighted how a failure was most likely to occur along Pandora's Fault through the buttress. Moreover, the instability could result in a deep seated failure mechanism, unravelling along Page Creek Fault and then extending along Pandora's Fault.
Due to the instability, access to the wall was limited for the installation of traditional subsurface monitoring. Therefore, MMG management decided to install a microseismic system. The aim of the project was to provide early warning of the development of the deep seated failure and to understand how deep into the wall the rock mass was being damaged. The Australian Centre for Geomechanics was engaged to conduct the research. 
Microseismic monitoring system
The microseismic array comprised of 16 sensors located in the volume of rock behind the southwest wall. As shown in Figure 3 , the system tends to follow the slope curvature, as pit geometry and accessibility represent major constraints for installing the sensors. Navi-drilled boreholes behind the pit crest were the only option to get the instruments sufficiently close to the instability area. A combination of five 28 Hz triaxial, six 14 Hz uniaxial and three 14 Hz triaxial geophones were placed into four long-inclined (approximately 400 m) boreholes. Sensors were installed approximately every 100 m in each hole, with two sensors at each depth for the purpose of redundancy. Since 4.5 Hz uniaxial geophones could not be installed in a hole with more than a 2° deviation from the vertical, two short vertical boreholes (approximately 10 m) were drilled near the surface. The distance of the sensors from the surface is 100 m for the central boreholes and 50 m for the later one. Sensors S4 and S16 are only 15 m from the pit face.
Figure 3 Plan and section view of the microseismic array configuration showing location and type of geophones installed
Seismic signals were sampled at a rate of 6,000 Hz and a standard trigger algorithm, based on short-time averages (STA) and long-time averages (LTA) of the incoming signal, was deployed. The length of STA and LTA was set at 2.6 and 21.3 s, respectively. A single station was considered to have triggered when STA/LTA was bigger than 12. It is important to highlight how only waveforms from geophones, which exceed the trigger level, were actually recorded. For research purposes only, data was also recorded in continuous mode. The system was fully operative for the end of November 2013 to the middle of April 2014, when stations S13, S14, S16 went offline. At February 2016, when the system was decommissioned, only sensors in the central boreholes were effectively recording.
2014 instability reactivation
During the 2013-14 raining season, the instability of the South-West all started to experience a rapid acceleration of surface deformations with accumulative displacements recorded, from prisms and radar, up to several metres. After several days of rainfall, from the 15 February 2014, a reactivation of movements in proximity of the wedge failure, in the upper section of the pit wall and in the CBX, were observed. On the 23 February, surface movement began to dramatically increase, reaching a peak of 254 mm/day from mid-March to mid-April. At the same time, a localised failure (~10 m depth) occurred in the lower section of Page Creek Fault (Figure 4(a) ). The buttress area remained stable, except for a shallow slip zone determined by the intersection between Pandora's Fault and a thin weak layer (Figure 4(b) ). New tensile cracks also opened up behind the pit crest. It appeared that movements were reduced by the presence of the CBX block, which was acting as a natural buttress whilst slowly being pushed out in a toppling or rotation manner (i.e. active passive wedge), (Salvoni & Dight 2016) . With the progressive rotation of the CBX, fractures were detected behind the block, followed by its partial detachment from the wall (Figure 4 (c)). Lipping (differential displacement) was also observed in the right corner at the base of the CBX block. From mid-April 2014, slope deformations gradually decreased, reaching a steady rate of 15 mm/day in July 2014.
Data analysis comparison
As previously mentioned, seismic data in the form of seismograms were given to four different groups, which independently analysed the waveforms and provided their own source locations and parameters. All of the groups also had access to the calibration blast result, which was conducted by MMG in order to establish a P-wave and S-wave velocity model. In this paper, we only consider data between 1 February 2014 and 8 April 2014, as this is the only time all groups involved had overlapping results.
From this study and handling of the seismic data, three main methodologies for processing seismic waveforms seem viable for microseismic slope monitoring. These are:
• Real-time processing: this method involves the processing being founded on real-time association between sensors based on a LTA/STA ratio. Generally with this method fewer events are recorded as fewer sensors are available for processing due to the process being automated. The positive of this method is that events can be processed and reported to the mine site in a very short turnover time.
• Continuous-data processing: this method relies on the continuous recording of vibrations at each sensor. Post association is completed based on a LTA/STA ratio and human interpretation. Additionally, when four or more sensors are triggered, the other sensors can be evaluated for event triggers which might not have been above the LTA/STA threshold, therefore, increasing the number of sensors used. Thus, one is able to produce many more events than the real-time processing method. However, because of how more involved this process is, events can only be provided a considerable time after its occurrence.
• Trigger monitoring: this philosophy assumes the events which are considered vital will occur within the vicinity of the installed sensors and therefore location is not as vital component compared to the rate and size of events. The rate is determined by the number of associated triggers and the size of the event is assumed to be related to the number of sensors associated to the event. This method gives a real-time indication of the activity of fracture occurrence in the rock mass.
The four groups only considered methodology one and two. The details of the approaches for the different groups will be discussed in detail below.
Group A
The first group implemented routine real-time micro-seismic monitoring, based on triggered data recorded according to the scheme discussed in Section 2. The calibration blast test available was used to establish a homogenous and isotropic velocity model, with a V P of 3,674 m/s and V S of 2,046 m/s. Due to the high planarity of the seismic array, the measured direction of the P-wave was also implemented into the location minimisation problem. In fact, location based only on arrival times could lead to two possible locations, one on either side of the common plane of sensors. A seismic sensor will have the same distance to each possible location, making the two locations equally likely in terms of travel times. Therefore, this can create an artefact in location accuracy and artificial alignment distributions of the seismic events (Meyer 2015) . The geometry of the pit and the effect of voids on the ray path were not taken into account in this model. Back calculation of the blast locations using this model indicated an average error of 15 m in the location algorithm. This methodology is mainly based on the underground mining environment experience and it is discussed in detail in Mendecki et al. (2010) . This method allows a quick response, with data manually processed 24/7 and made available for the engineers on site in almost all cases within 10 minutes.
In the time window considered, 1,161 events were totally located ( Figure 5 ). Of those, approximately 5% were recorded below the lowest part of the current pit (880RL) and they were most likely the result of stress changes related to the removal of broken rock after blasting and excavation (Lynch et al. 2005) . The analysis of the microseismic data revealed a strong relationship between the temporal and spatial style of activity for different areas of the slope, in the response to the triggering input (rainfall events), (Salvoni & Dight 2016) . Events in the pit wall area were recorded from the 15 February 2014, mainly behind the CBX block. Suddenly, a spike in the seismic activity was recorded on the 23 February around the lower section of Page Creek Fault, where the localised planar failure occurred. In response to the global reactivation of the instability, events were observed in the wedge failure area, in the upper section of the pit wall and behind the CBX block. Despite the shallow slip in the buttress, no seismic activity was recorded in this area. Based on the above observations, the following conclusions can be made:
• There is no evidence that failure along Pandora's Fault, through the buttress and a deep seated failure along Page Creek Fault, is actually occurring.
• Seismic activity is well correlated with the spatial and temporal distribution of the areas of instability, except for the shallow slip area.
• The shape of the distribution of seismic events behind the CBX block may indicate that some shearing structure is developing in order to accommodate the progressive rotation of the block. However, as a similar distribution can also be observed in the wedge failure area, the possibility that this may be still related to an array configuration artefact cannot be excluded.
• Only a few poorly clustered events were observed in the upper section of the wall above the CBX. This can be related to the fact that there is a disconnection between deformation at surface and at depth. As discussed in Salvoni and Dight (2016) , the large deformations experienced on the wall may be caused by a shallow failure moving by creeping and attributed to progressive weathered shales. The seismicity recorded would then be related to a deeper possible failure, still in development. However, it can also be that the rock mass was already damaged before the installation of the system and therefore be aseismic.
Group B
The second group used both the triggered and continuous databases. A more detailed investigation on the calibration blast test established that the seismic velocity changes between the rock volume to the south and north of Pandora's Fault. For this reason, a 3D velocity model was built to accurately calculate the travel time. South of Pandora's Fault the V P was found to be 3,700 m/s and V S 1,960 m/s, while north of Pandora's Fault the V P was 2,900 m/s and V S 1,550 m/s. Pit geometry was not taken into account by this group, but a constraint method was applied to the event location in order to avoid an event to be located in the air off the pit or above the ground surface. Sensor orientation was considered sufficiently reliable by this group and was not taken into account. The location of the blast based on this velocity model and the location algorithm came within 6 m from where the calibration blast was located.
For each event located by Group A, the continuous database was analysed in order to verify for which geophones there was a reliable P and S arrival. It was found that many useful seismic signals found in the continuous data were missed in the triggered data set. This suggested that the trigger (LTA/STA ratio) level was set too high. On average, Group A used only four geophones to locate the events, while Group B used up to seven sensors. Furthermore, Group A only considered events with at least four triggers, Group B investigated events with less than four triggers and investigated the continuous data to see if these events could be located. An extra 218 events were processed by Group B using this technique.
Despite the general distribution of seismic events (Figure 6 ), the overall clustering, and hence interpretation, did not change much between Group A and B. The following observations can be made:
• Using the continuous data allowed the use of more sensors to locate seismic events; hence one would assume better location accuracy was achieved.
• More events were detected compared to Group A.
• Group B was able to identify an additional cluster close to the shallow slip failure in the buttress.
• Looking at the distribution of seismic events it became evident how, if sensor orientation is not taken into account, location artefacts are created.
• Even from Group B there is no evidence that the failure is going to develop according to 2013 numerical modelling. However, not enough information can be obtained to evaluate the multi-batter failure type one in Figure 3 . 
Group C
The third group reprocessed the data from Group A using the same location algorithm and software. The main difference was that the triggered data was used as a guide to look into the continuous database and locate the events. In this case more than 400 extra events were found during the analysis (Figure 7) . The most important highlights were:
• Continuous data allowed recording more events and used more sensors to locate each single event.
• The alignment of events dipping back into the slope disappeared for the cluster in the wedge failure, while in the CBX block they were only reduced.
• A new cluster of events appear in correspondence of the lipping observed in the right corner at the base of CBX block.
• Seismicity tends to be concentrated within a narrow band between 20 and 40 m from the surface and behind the CBX block. Particularly interesting, is the reduction of seismic activity in the lower section of the wall near the surface. A similar characteristic was also observed in another section view along the wedge failure sector (Figure 8 ).
• This distribution can be interpreted to be a result of a different instability mechanism between the surface and at depth. The surface monitoring shows a large amount of ground surface displacement. The material, close to the surface, is characterised by intensely broken/weathered rock mass and is no longer able to produce and propagate much seismic energy (i.e. it is an aseismic zone). This area is subjected to creep driven movements that are always present even in dry conditions and characterised by an acceleration in movement related to seasonal rainfall. Unfortunately, the depth of this zone is hard to assess as no sub-surface instrumentation such as inclinometers or extensometers are available and the seismic location accuracy does not allow for this type of resolution. Examples in the literature reported how the thickness of weathered shale layer may reach 9-13 m (Franklin 1981) .
• This shallow instability has caused the rotation of the CBX block and triggered further deformation at depth, where between 20 and 40 m of shearing and rock mass damage is developing into a multi-batter failure. Seismicity behind the CBX block is then related to the creation of an active-passive wedge type mechanism. This type of mechanism seems to reduce during the dry season and be more active during rainfall events. There is no indication of the development of a deep seated failure and the extension of the movements into the lower section of the wall. 
Group D
The last group used only the continuous data and retriggered those using a STA/LTA ratio of three. Based on the calibration blast a 3D velocity model was used, incorporating the effect of pit geometry to the ray path. This group estimated that the V p and V s were 3,620 and 1,940 m/s, respectively. Initial back calculation of calibration blast location using a simple isotropic velocity model gave an average error was 26 m. However, the model was then further refined in order to take into account the effect of pit geometry on the seismic ray-path (Trifu & Shumila 2010) , bringing down the average error to 9 m. Moreover, an attempt to introduce the effect on anisotropic effect was done. This was done by chancing the original velocity normal and vertical to the bedding. In fact, at laboratory scale it was found that P-wave in the two directions differs by 10%. However, relocation of blasting gave less accuracy and therefore only the previous model was used for the processing of the events. Events were automatically processed and then manually checked for quality control.
Below are the main findings based on the seismic data for Group D:
• The number of events located increased sixfold, with a total number of approximately 6,000. Only 5% of the seismicity was observed at the bottom of the pit, while the majority was located behind the pit wall.
• General distribution of seismic events did not change compared to the previous databases ( Figure 9 ). However, more seismic events were identified in the shallow portion of the buttress (within 5-10 m) as well as in the right corner of the CBX block (lipping zone).
• A higher number of seismic events were recorded in the upper section of the pit wall and small events were also recorded close to the surface. Distribution of the events in the sections for the main body of the wall and in the wedge failure area is shown in Figure 10 .
• As for Group C interpretation the alignment of seismic events for the wedge failure disappeared, while it remained for the CBX block.
• This database helped to further constrain the failure zone and update our interpretation; in particular, it seems that most of the seismicity for the critical area is concentrated in a band within 10 m from the surface. Therefore, this area is not aseismic. The continuous data means an improvement in the number of events recorded, and hence events were picked that were located here. Some seismicity is observed also at depth that could coincide with type one failure in the model but there are no indications that this has fully developed yet. 
Guideline for microseismic monitoring in open pit mines
The Century project installed the microseismic system with the aim of monitoring the formation of deep seated failure in the slope. The system was installed with directional holes, and was designed with regards to the best 3D configuration possible. The system also had the ability to measure the sensor-responses continuously. This is something which has not been attempted yet in slope monitoring for mining. The installation and use of a microseismic monitoring system in open pit mines for slope monitoring is not a common practice. Several previous studies (Hudyma et al. 2003; Lynch et al. 2005; Wesseloo & Sweby 2008; Kagan et al. 2013; Vinoth & Kumar 2014 ) discuss details of their seismic system, however, do not give much detail about the design of such a system from scratch. This section will focus on the design methodology for a microseismic system for open pit slope monitoring.
Seismic processing approach
When designing any monitoring system, it is vital to be aware of the aims of the system in question. This includes keeping in mind the other monitoring tools at the disposal of the engineer. For the case of Century mine the aim was to monitor the deep seated failure. Surface displacement was monitored via radar and prisms. Mendecki et al. (2010) suggest that an underground mine should install a microseismic system to monitor seismicity with the following objectives in mind:
• Rescue: detect and locate potentially damaging seismic events with the aim to assist in rescue operations.
• Prevention: the continuous input of seismic parameters to confirm and correct assumptions made in the design of the mine.
• Seismic hazard rating: to quantify the seismic hazard for use in mitigating seismic risk.
• Alerts: to detect strong changes in seismic spatial and temporal behaviour that might indicate rock mass instability.
• Back analysis: to improve the understanding of the rock mass behaviour with the aim of optimising both the design and monitoring system.
In underground mines all of these objectives are critical to ensure a safe mining environment. However, in the case of open pit mines some of these objectives are less important. For our study the main aim was the understanding and prevention of deep seated failure. Hence the rescue and seismic hazard rating objectives added no value in mitigating the risk on site. The main aims were the back-analyses and prevention objectives, with the alerts of a possible spin-off from the system but which is mostly covered by the installation of a radar and prism system. Therefore, the aim was to get as much data as possible, within moderate time frames. There was not much need for knowing the location and source parameters of events within a few minutes or hours. The time intervals at which seismic events needed to be processed, in this case, seemed to be for a few weeks to months. For other mine sites this might differ, it depends on the specific needs and other ongoing monitoring data available.
In hindsight, we suggest the approach presented in Figure 11 for the processing of seismic data in the open pit environment. The trigger data for the seismic data is considered to be the indicator of unusual spatial temporal behaviour. Although events are not located in the pit environment, seismic networks are very sensitive and events are small and therefore, it is a safe to assume the events would be located in the vicinity of the seismic network. For such a setup, the trigger rate would act as an indication of seismic activity and the number of triggers an indicator of event size. When predefined thresholds are exceeded, other monitoring data is investigated (radar and prisms) and the seismic data is processed, if required, and fed back into the decision-making loop. Decisions are then made based on the data available to the user. If no trigger levels are exceeded, or such trigger exceedance is understood (rainfall etc.), then the data is processed on a monthly basis and fed back into the back analysis and prevention design loop for optimisation of the design and system.
Figure 11 Task action response plan for the processing of seismic data in an open pit mine scenario
The main objective of the system is to get as much data as possible for the least amount of money and time. The approach shown in Figure 11 gives one the best chances to achieve such outcomes. When also considering the costs involved, running multiple approaches, as discussed in Section 4, will be more expensive. Using only triggers has no costs involved, as this is automated, and then paying for processing time every month would be much less per event than for real-time processing.
In Table 1 is a summary of the costs involved for the different processing approaches. As can be seen, the continuous data option is on day-to-day cost comparative to other options (keep in mind Group A is based on a special research price, but is usually more expensive). With regards to cost per event the continuous option is much cheaper. Therefore, it is safe to assume that the continuous data option would be the cheapest option overall. 
Seismic system design
The design of a microseismic system for an open pit mine depends on several considerations. These considerations would be based on the rock mass properties, stress state, accessibility and event magnitudes under consideration. For an open pit, these considerations will differ from what is traditionally considered for underground mines. The following is a discussion on the differences and considerations taken for the pit design at Century mine.
From a rock mass perspective, several parameters are different to what is seen in underground mines. For Century mine the S-wave velocity was found to be ~2,000 m/s and the P-wave velocity as 3,600 m/s, which is significantly lower than is seen in underground mines. Another significant difference is the attenuation of waves through the rock mass, from this study it seems to be much lower than is generally seen for underground mines. The stress conditions are also much less in this environment, which leads to event frequencies being much lower than one would expect for the underground environment. All these factors must be considered when designing for slope monitoring in an open pit mine. For this paper four main considerations are discussed, which were all considered when designing the microseismic system. Firstly, designing the best possible 3D configuration for optimal source locations is more difficult in the open pit environment. The sensors can only be installed in an almost planar array, as accessibility is limited by the slope. For Century directional holes were drilled at an expensive cost to get the best possible array. This cost made up the biggest part of the system installation costs. It is unlikely that one would be able to install a better system configuration, yet one still had to use the P-wave directional data for each sensor to ensure the event was located correctly.
The second consideration is the robustness of the system. In the case of Century, two sensors were installed at each station for redundancy. However, when some of the sensors went offline we could not switch to the backup geophones. In fact, as the cable was damaged, the redundancy could not be realised.
As the diameter of the hole represents a major constraint for the number of instruments that can be installed, a better idea would have been to reduce the spacing between instruments to 50 m rather than 100. This would have improved the sensitivity of the array at the same cost.
The third consideration is the attenuation effect for such a shallow system. For Century mine the lamination of the rock mass was considered in processing on several occasions. However, no reliable way could be found to incorporate this into the velocity model. The microseismic network at Century mine was based on what was previously done by Wesseloo and Sweby (2008) . Based on their work, and the findings from the Century data, it seems the attenuation can be successfully described using methodology proposed by Hardy Jr et al. (1988) . They proposed the attenuation effect can be described effectively through the following equation: Range = -0.8Frequency + C attenuation (1) where:
Range is the distance to the fourth sensor.
Frequency refers to the corner frequency of the event.
C attenuation is a constant describing the attenuation effect (4,000 for open pit slopes, 30,000 for underground hard rock mines).
For underground mines C attenuation is found to be ~30,000, while in the case of Century this value is closer to 4,000. In Figure 12 the application of Hardy Jr et al. (1988) The last consideration is the choice of sensors used for recording the seismic events. As previously discussed, the events in this environment have much lower frequencies due to the rock mass and stress conditions. For Century mine the static stress drop is ~1-2 KPa which is in line with what was previously seen from other open pit slope monitoring data. Trifu et al. (2005) found static stress drop values at Mount Keith open pit mine to be less than 10 KPa. In a typical underground mine, the static stress drop values range from 100 KPa to a few MPa. It is this property which partly drives the lower than expected frequencies seen for open pit mines.
This knowledge was one of the main driving forces for Century mine deciding on installing a combination of 4.5, 14 and 28 Hz sensors. Figure 13 is an illustration of how these frequency ranges compare to the recorded events. The shaded area shows the frequency domain in which the events would have been effectively recorded (Mw ranges from -3.4 to -0.2). The upper and lower frequency boundaries are based on guidelines from Mendecki (1997 Based on the knowledge gained from the Century project and work from Mendecki (1997 ), Hardy Jr et al. (1988 , Trifu et al. (2005) and Wesseloo and Sweby (2008) , the chart shown in Figure 14 is proposed for use in designing microseismic systems for slope monitoring in the open pit environment. The design chart is based on the following parameters:
• Static stress drop = 1 KPa.
• Brune k-value = 1.88.
• S-wave velocity of 2,500 m/s.
The design chart in Figure 14 can then be used to determine what the rough ranges are for the system based on the monitoring needs. The chart has several details of importance. The diagonal lines indicate the static stress drop lines, the meaning of the colours are shown by the marker style to the right of the chart. The black diagonal line on the chart at the right bottom, is based on the Hardy Jr et al. (1988) work as was discussed before, and it is an indication of the microseismic system density. The range indicates the distance to the fourth sensor of the array. For this design, the aim is to record magnitudes -3 to 0. To record a magnitude 0 event (illustrated by the solid orange line), a lower frequency of 4.5 Hz is required. This frequency is determined by vertically drawing a line downwards from magnitude 0, where it intersects the relevant static stress drop line it is connected horizontally to the lower frequency value. The frequency values on the left axis are the lower ranges of the most common sensors used in the industry. The lower frequency ranges determine the upper magnitude ranges one can record. For the lower magnitude (-3) the dashed blue line is used to indicate which upper frequency range will be required (right axis). In this instance, sensors with an upper frequency of 2,000 Hz are required. The network density can be found by looking at where the dashed blue and solid orange lines intersect the black line. For the magnitude 0, the fourth furthest sensor to the event should not be more than ~1,200 m from it. For the magnitude -3, this value is closer to 80 m.
The design chart in Figure 14 is meant to be used as a rough estimation of the seismic network properties. It aims to be a guideline for those engineers who do not have the background or experience in microseismic monitoring but need to design such a system. The microseismic system can be optimised when events start to be recorded.
Conclusion
Based on the evidence of the Century project, some guidelines for microseismic monitoring in open pit mines can be constructed as follows:
• Traditional triggered mode monitoring is not adequate to fully understand the development of a failure and the behaviour of the rock mass at depth for an unstable slope; continuous data should be recorded, at least for a reasonable time period at the beginning of the installation, in order to set the optimum STA/LTA ratio.
• Continuous data equates to more sensors, on average, per event than for real-time monitoring. This means better source locations and parameters.
• Inclusion of the sensor orientation is not negotiable; this is particular evident when only a few sensors are used and the array becomes roughly planar.
• Instead of using two sensors every 100 m, it is strongly recommended to locate a sensor every 50 m. This would improve the sensitivity or the array. In case of shearing along the borehole case, more sensors for each station do not guarantee a backup.
• Ray tracing and open pit geometry effect can help to further constrain the location accuracy.
• The use of the design methodology, we propose, can be used to design microseismic systems in the open pit environment before knowing the seismic properties of the environment.
• When events are found outside, what is considered good frequency ranges, those events will have source parameters which are not accurate.
